ABSTRACT
Introduction
The use of indica-japonica F 1 hybrids offers a way of combining the best attributes of both types. Advantages of these hybrids include strong tillering ability, thick culms and larger panicles. However, some disadvantages have also been noted, such as longer growing duration, greater plant height and reduced spikelet fertility. Recently, significant progress has been made in improving agronomic traits in an indica-japonica hybrid breeding project [1] and breeders are now paying greater attention to improving rice grain quality traits.
In most reports, phenotypic values measured at maturity are used when analyzing rice quality traits [2] [3] [4] [5] [6] [7] , but this does not provide information on the developmental processes of these traits. Although recent quantitative trait analysis software makes developmental genetic analysis possible [8] , the literatures are limited to indica rice apparent quality and milling quality [9] [10] [11] . A little information on nutrition of indica-japonica hybrid rice has been reported, especially for amino acids. One reason for the lack of information is the difficulty in obtaining a significant quantity of F 1 seeds for analysis due to incompatibility between the indica and japonica rice subspecies when crossed. Some japonica wide compatible restorers developed by our projects make this genetic analysis in indica-japonica hybrid rice possible.
Leucine (C 6 H 13 NO 2 ) is a neutral, genetically coded essential amino acid in human nutrition, which is very important in human health. The expression of genes for leucine content at different grain-filling stages is yet to be understood. Understanding the dynamics of gene expression for leucine content in contrasting environments may prove helpful for future improvements in the nutritional quality of rice. The objective of this study was to clarify the developmental behavior of leucine content gene expression in indica-japonica hybrid rice. The developmental dynamic expression mechanism and the heritability components from different genetic systems were estimated by unconditional and conditional genetic models.
Materials and Methods

Plant Material
Seven indica cytoplasmic male sterile lines (A lines) (Zhe 38, Xieqingzao, K17, Zhenshan 97, Zhenong 8010, Jin 23 and Ⅱ-32) and their maintainers (B lines), and 5 japonica wide compatible restorers (R lines) (T 748, T 42, R 1252, Linhui 422 and Zhong 9308) with significant variation in leucine contents were used in this experiment ( Table 1) .
Field Experiment
F 1 seeds were obtained by crossing female A lines to male R lines (A  R) using a factorial design. The F 1 s and their parents were sown at the experimental farm, Zhejiang Academy of Agricultural Sciences, China. After 25 days, seedlings were individually transplanted at a spacing of 20  26 cm. There were 36 plants in each plot and two replications. A second experiment was conducted 7 months later using the same methods to provide contrasting environmental conditions at Hainan province, China. Seeds from parental lines and F 2 seeds from F 1 plants were collected at 7-, 14-, 21-, 28-and 35-day after flowering from the central 16 plants within each plot. The F 1 plants resulted from A × R crosses. The grain-filling period was devided into stages, the initial stage (1-7days after flowering), early stage (8-14days), middle stage (15-21days), late stage (22-28 days) and ripe stage (29-35days).
Leucine Content Analysis
All seed hulls of F 1 s, F 2 s and their parents were removed using a Yanmar ST50 dehuller from Japan, then milled using a sample miller (model JB-20, Zhejiang province, China). Samples were further ground to 100 mesh with a cyclone grinder (model 3010-019, Fort Collins, Colorado, USA). Leucine content was determined using the amino acid analysis method described by Wu et al. [12] with two replications for each sample.
Statistical Method
Two developmental genetic models, the unconditional genetic model [13] and the conditional genetic model [8] , for quantitative traits of endosperm in cereal crops were used to estimate the variance components for genetic main effects and genotype-environmental interaction effects at different grain-filling stages. For the unconditional genetic analysis, which refers to the analysis of cumulative measurements through progressive developmental stages, the genetic effects were defined as accumulated effects of genes expressed from flowering (0) to a particular time (t). The variance components were divided into endosperm additive variance (V A ), endosperm dominance variance (V D ), cytoplasmic variance (V C ), maternal additive variance (V Am ), maternal 
For the conditional genetic analysis, which refers to grain analysis within each stage, the conditional developmental genetic models could be used to estimate conditional variances during rice grain filling periods (t -1→t) for leucine content. These conditional variance components ( conditional dominance interaction covariance) and Ve (t | t -1) (conditional residual variance). The partitioning for the conditional phenotypic variance (V P(t | t -1) ) was: h ), which was controlled by genetic main effects, could be further divided into endosperm general heritability (
) and maternal general heritability (
which was controlled by genotype  environmental interaction effects, also could further be divided into endosperm  environment interaction heritability (
) and maternal  environment interaction heritability (
). The partitioning for the total narrow-sense heritability was:
The Jackknife re-sampling method was used by sampling generation means of entries for estimating standard errors of variances components, covariance and heritabilities [14] [15] .
Results
Difference of Leucine Content in Parents and their Descendants
There was significant variation for leucine content both in female parents and in male parents at five different filling stages ( Table 2 shows parameters generated by the unconditional genetic model of developmental genetics and corresponding statistical analysis for quantitative trait cumulative effects in cereal crops [13] . This analysis showed that leucine content of indica-japonica hybrid rice was controlled by genetic main effects as well as by genotype  environmental interaction effects at five different filling stages. Compared with genetic main effects ( th day after flowering) was mainly controlled by the genetic main effect. In summary, leucine content was controlled by both genetic main effects and their genotype  environmental interaction effects at all filling stages, but was mainly controlled by their interaction effects in all but the late stage.
Unconditional Genetic Analysis for Leucine Content at Different Filling Stages
Among genetic main effects, there were endosperm dominant effect and maternal additive effect at the initial stage, maternal dominant effect at early stage, endosperm dominant effect at middle stage, endosperm additive effect, cytoplasmic effect, maternal additive effect and maternal dominant effect at late stage, and endosperm additive effect, endosperm dominant effect and maternal additive effect at ripe stage. All genotype  environmental interaction effects were significant, except for the additive interaction effects at middle stage and additive interaction effect and maternal additive interaction effects at late stage.
Table 2 also showed that leucine content was mainly controlled by additive effects both in genetic main effect and in their genotype  environmental interaction effects.
It accounted for 97.89% ((V
of the variance at ripe stage, respectively. This means that selection will be effective in early generations because additive effects can be fixed during subsequent inbreeding. There was no relationship detected between the expression of endosperm and maternal genes 
Conditional Genetic Analysis for Leucine Content at Different Filling Stages
The genetic variances estimated by unconditional genetic analysis revealed accumulated genetic effects which were expressed from flowering to time t (0→t), and the results could not clarify gene expression at each special developmental stage (t -1→t). Therefore, conditional genetic analysis was used to clearly explain the dynamic gene expression at each filling stage (t -1→t). Table 3 shows the parameters generated by the conditional genetic model of developmental genetics and corresponding statistical analysis for quantitative trait periodical effects of triploid in cereal crops [8] . There was no detection of new gene expression for conditional endosperm additive main effects (V A (7|0), V A (14|7) and V A (21|14) ) from initial-to middle-filling stages, conditional maternal additive main effects (V Am(14|7) and V Am(21|14) ) at early-and middle-filling stages, conditional endosperm dominant main effects (V D(21|14) and V D(28|21) ) at middleand late-stages, conditional maternal dominant main effects (V Dm(7|0) and V Dm(28|21) ) at initial-and late-filling stages and conditional cytoplasmic main effects (V Dm(7|0) and V C(35|28) ) at initial-and ripe stages, since the conditional genetic main variances at these filling stages were not significant in this experiment. The unconditional maternal dominant main effect at late filling stage in Table  2 might be due to the dominant effect expressed at the former stage, i.e. at middle stage (14-21 days after flowering), and then continual expression from activated genes at this stage. Similarly, the endosperm dominant main effect was significant at 21 days after flowering by unconditional genetic analysis, but was not significant using conditional genetic analysis. In contrast, conditional maternal dominant effects at the ripe stage were found by conditional genetic analysis, but not found by unconditional genetic analysis in Table 2 . This may reflect interruption of gene expression during different filling stages or the gradual activation of quantitative genes through the filling period(s). It may also indicate that there were differences in regulation of gene expression in triploid endosperm, cytoplasm and diploid maternal plant genetic systems. These results were not detected by the unconditional genetic variance analysis.
For the conditional interaction analysis, new genetic effects from gene expression was not detected for the con- Table 2 , but were not significant using the conditional genetic analysis in Table 3 . It is likely that there was continual expression of activated genes at these stages.
There was significant positive conditional dominant interaction covariance (C D•Dm(35\28) =3.889**) at ripe stage, which showed that the new expression for dominance effect from endosperm nuclear genes was closely related with that from maternal nuclear genes at the ripe stage. Significant conditional residual variances (V e(t|t-1) ) showed that new expression of genes for leucine content at the ripe stage could be influenced by sampling errors, but these values were lower than the genetic variances.
Estimation of Heritability at Different Filling Stages
was again significant at the late-and ripe-stage. Genotype  environment interaction effects including endosperm additive and dominant interaction effects, maternal additive and dominant interaction effect, and cytoplasmic interaction effects were found at most filling stages by both unconditional genetic analysis and conditional genetic analysis but cytoplasmic interaction effect in this study. Significant genotype  environment interaction effects also indicated that the sequential expression of genes from endosperm, cytoplasm and maternal genetic systems was also influenced by the environmental conditions. The genotype  environment interaction effect was the main cause of genetic differences across environments. It is necessary to consider the variation of rice quantitative traits in different environments because of the varied climatic conditions to which rice is exposed.
The genetic models and statistical analysis methods used in this experiment, which include genetic main effects and genotype  environment interaction effects, can be analyzed with only three generations, such as parents, F 1 and F 2 at different filling stages across a range of environments. Evidence of varying gene expression for leucine content during grain filling in rice serves to underscore the need to study developmental behavior of gene expression for important quantitative traits in other cereal crops.
